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Insights into substrate binding by D-2-ketoacid dehydrogenases
from the structure of Lactobacillus pentosus D-lactate
dehydrogenase
Vincent S Stoll†, Matthew S Kimber† and Emil F Pai*
Background:  D-Lactate dehydrogenases (D-LDHs) and L-lactate
dehydrogenases (L-LDHs) catalyze a reaction differing only in the chirality of the
product.  Both enzymes utilize the same kind of amino acid side chains in
substrate binding and catalysis. Models based on D-LDH-related enzymes
propose that these side chains assume identical roles in both enzymes with their
active sites related by a simple geometrical relationship such as a mirror plane. 
Results:  The crystal structure of the homodimeric D-LDH from Lactobacillus
pentosus has been determined to 2.6 Å resolution by multiple isomorphous
replacement methods and the resulting molecular model refined to an R-factor 
of 19.1%. Topologically, the enzyme is closely related to other D-2-ketoacid
dehydrogenase enzymes. Each subunit comprises two domains enclosing a
deep cleft containing the active site. Substrate binding and domain closure 
have been modelled. 
Conclusions:  Comparison of the D-LDH structure with other members of the
protein family and with the L-specific enzyme has confirmed that no overall
structural relationship exists between the L-LDH and D-LDH enzymes — they
belong to distinct protein classes. The small size of the ketoacid substrate and
the very restricted number of functionally appropriate side chains will constrain
the choice of amino acids and their placement in the active site. Our models
imply that although the same kinds of amino acids are involved in substrate
binding their exact chemical role might differ in the two dehydrogenases. 
Introduction
D-Lactate dehydrogenases (D-LDHs; E.C. 1.1.1.28) cat-
alyze the reversible NADH-dependent reduction of pyru-
vate to D-(-)-lactate.
NADH + H+ + pyruvate → NAD+ + D-lactate
In this they parallel a second group of enzymes, the
L-lactate dehydrogenases (L-LDHs), which catalyze a
reaction analogous in every sense other than that of the
chirality of the lactic acid product [1]. Both of these
enzymes act at the last step of glycolysis under anaerobic
conditions, allowing the regeneration of oxidizing equi-
valents in the form of NAD+ [2]. In this role the two
enzymes appear to be functionally interchangeable. 
They may also play roles in other metabolic processes, as
illustrated by the recent discovery that VanH, one of 
the essential proteins in the mechanism of resistance 
of Enterococcus faecium to the antibiotic vancomycin, is a
D-lactate dehydrogenase [3].
Of the two enzymes, L-LDH is by far the better under-
stood. Following several decades of kinetic analyses,
mutagenesis experiments and structural studies (struc-
tures have been reported for apo-enzymes and a variety of
cofactor and substrate analogue complexes from several
eukaryotic and prokaryotic sources) a detailed understand-
ing of the mode of substrate binding and the pathway of
catalysis in this enzyme has emerged [4]. Arg109 (all
numbers given for L-LDH amino acids in this paper are
those of the Bacillus stearothermophilus enzyme) is known
to form a hydrogen bond with the keto group of pyruvate,
polarizing the carbon–oxygen bond [5], while a second
arginine, Arg171, binds the carboxylate moiety of pyruvate
providing binding energy and helping to position the
substrate correctly in the active site [6,7]. An essential
histidine, His195, is stabilized in the protonated form by 
a hydrogen bond with Asp168, facilitating its role as a
proton donor in the reduction of pyruvate [8].
In the absence of a similarly detailed understanding of
D-LDHs, researchers have modelled these enzymes as
variants of L-LDHs, in which a single ligand (often pro-
posed to be the carboxylate-binding arginine) is relocated,
resulting in a new active site in which the pyruvate is
flipped relative to the nicotinamide ring and the hydride is
transferred to the opposite face of the substrate [1,9,10].
These ideas were tested experimentally by Sakowicz 
et al. [11]. They attempted to engineer a switch in the
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enantiomeric specificity of B. stearothermophilus L-LDH by
mutating the carboxylate-binding arginine, and introducing
a new arginine on the opposite side of the active-site
pocket. The cloning of the Lactobacillus pentosus D-LDH by
Taguchi and Ohta [12] has, however, served to demon-
strate that whereas L-LDH is a member of the L-2-ketoacid
dehydrogenase protein family, D-LDH belongs to a dis-
tinct family. This family of D-2-ketoacid dehydrogenases
also includes D-2-hydroxyisocaproate dehydrogenase [13],
formate dehydrogenase (FDH) [14], D-glycerate dehydro-
genase (D-GDH) [15], erythronate-4-phosphate dehydro-
genase [16], and D-3-phosphoglycerate dehydrogenase
(PGDH) [17]. The fact that D-LDHs have an evolutionary
history distinct from that of L-LDHs raises the possibility
that the two enzymes may employ different catalytic
mechanisms. Understanding the basis of this differing
stereospecificity has thus become contingent upon obtain-
ing detailed biochemical and structural analyses of D-LDH.
Recently, some insights into the mechanism of D-LDH
have been obtained from chemical modification studies,
from mutagenesis of residues widely conserved within the
family, and from structural studies of related enzymes.
Mutagenesis studies implicate three conserved residues
— namely, Glu264 [18], Arg235 [19] and His296 [20] — as
being important in the process of substrate binding and
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Figure 1
Structure of the Lactobacillus pentosus D-lactate dehydrogenase
monomer. (a) Stereo ribbon diagram of the Ca trace labelled at every
tenth residue. (Figure prepared using the program MOLSCRIPT [43].)
(b) Ribbon diagram of the D-lactate dehydrogenase monomer.
(c) Topology diagram of the D-lactate dehydrogenase monomer. In (b)
and (c) (prepared using SETOR [44]), b strands are shown in green,
a helices in red, 310 helices in magenta, and loop regions in yellow. 
catalysis. Among members of the D-2-ketoacid dehydroge-
nase family, the crystal structures of the apo- and holo-
forms of FDH [21], of apo-D-GDH [22], and of the
NAD+-bound form of PGDH [23] have been published,
and these have served to specify the mode of nucleotide
binding. These structures have also confirmed that analo-
gous residues identified as important for substrate binding
and catalysis in D-LDH occupy positions commensurate
with this role. To date, however, no structure of a 2-keto-
acid substrate-containing complex is known. In an attempt
to further develop our understanding of substrate binding
and catalysis in this family of enzymes, we have deter-
mined the structure of the D-LDH from L. pentosus at
2.8 Å resolution. On the basis of our results and published
biochemical data, we have developed a model for sub-
strate binding and catalysis in this enzyme.
Results and discussion
The structure of L. pentosus D-LDH
The D-LDH monomer folds into two clearly defined
domains joined by a two-strand hinge and separated by a
deep cleft. The first, smaller domain consists of residues
1–100 and 300–332, and the second, larger domain, is
made up of residues 101–299. The fold and topology of
the D-LDH monomer are illustrated in Figure 1.
The larger domain contains a six-stranded parallel b sheet
(a segment of corresponding electron density is shown in
Fig. 2) with a helices packed onto both faces. It represents
a variant of the classic bab dinucleotide-binding (or Ross-
mann) fold widely conserved among NAD-dependent
dehydrogenases [24]. This domain also contains the
GxGxxG(17x)D sequence fingerprint characteristic of
Rossmann fold domains, and is designated the nucleotide-
binding domain. The six strands of the b sheet, however,
are not completely equivalent to the six-stranded parallel
b sheet of L-LDHs. The third b strand (between aD and
aE; nomenclature defined in Fig. 1c) of the adenine
binding half of the classical dinucleotide-binding domain
is absent in D-LDH, whereas one b strand and one a helix
have been added to the C-terminal end of the domain 
(following bE). Another departure from the consensus
dinucleotide-binding domain is the presence of a second
helix, aB joined at an acute angle to aA and, along with
the loop C-terminal to it, jutting out prominently from the
monomer. The connection between bC and bD, which is
a loop in most Rossmann fold motifs, occurs here as the
well ordered helix aF. The peptide bond Ala136–Pro137
is in the cis conformation, with residues 135–138 forming a
type VIa turn [25]. 
The smaller domain, designated the catalytic domain by
convention, consists of a five-stranded parallel b sheet,
again packed on each side by a helices. It, too, displays a
modified Rossmann fold topology, with a b strand/a helix
pair deleted between a2 and b3 and the nucleotide-
binding domain inserted between b5 and a5. This domain,
however, lacks the sequence fingerprint motif characteris-
tic of functional dinucleotide-binding domains. The C-ter-
minal helix a5 is kinked at the domain interface resulting
in the loss of the hydrogen bond between residues 308 and
312. The last six amino acids pack along the edge of the
b sheet, sequestering the hydrophobic core from solvent
but forming only two backbone hydrogen bonds.
Quaternary structure
Gel filtration experiments identify D-LDH as a dimer in
solution [26]. Consistent with these results, the protein
crystallizes with a dimer in the P1 unit cell (Fig. 3). There
is very good non-crystallographic twofold symmetry
between the respective domains of the dimer, although
the parameters relating the two dinucleotide-binding
domains and the two catalytic domains differ. Dimeriza-
tion is mediated almost exclusively by the nucleotide-
binding domains. Among the most important interactions
are those of helices aA and aC, which pack on their
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Figure 2
Stereo diagram of a representative region of
the 2Fo–Fc electron-density map at 2.8 Å
resolution. The region portrays several strands
of parallel b sheet of the nucleotide-binding
domain. Electron density is contoured at 
the 1.0s level. (Figure prepared using
SETOR [44].)
symmetry mates in an antiparallel fashion, and of aB,
which packs onto its symmetry mate at an acute angle.
Also involved are the loops joining aB, bA and aC, the
extended loop joining bE and aH, and residues between
bF and a5 at the domain interface. In all, 2645 Å2 or 16%
of the molecular surface of D-LDH are buried at the dimer
interface. This compares with 3788 Å2 for FDH, 3144 Å2
for D-GDH, and 2595 Å2 for PGDH (as calculated using
the program NACCESS [27]).
Comparisons between D-LDH and other D-2-ketoacid
dehydrogenases 
The overall fold of D-LDH closely resembles that of the
other members of the protein family whose structures
have been elucidated, namely PGDH, FDH and D-GDH.
There are, however, also distinct structural differences.
D-LDH lacks the regulatory domain of PGDH and the
long insertion in the catalytic domain seen in FDH. Super-
ficially, it resembles the D-GDH molecule most closely.
The nucleotide-binding domains of all four enzymes are
very similar, diverging noticeably in only three areas. In
the region between bB and aE, D-GDH and FDH contain
an a helix and a b strand. The analogous stretch of chain
in PGDH is four amino acids shorter and lacks the a helix,
while in D-LDH this region is three amino acids shorter
and lacks the seventh strand of the b sheet. The a helix
that is present is shortened and reoriented relative to the
analogous helices in FDH and D-GDH.
A second difference is found in the loop between bF and
aH, which makes extensive contacts with the second
monomer. This loop is longest in D-LDH and successively
shorter in FDH, PGDH and D-GDH. 
The third difference in the overall structure of the di-
nucleotide-binding domain lies in the substructure com-
prising aA, aB and the loop between aB and bA. The
N termini of the aA helices superimpose well (although
their C termini diverge somewhat), the aB helices are
quite disparate, and the loops between aB and bA adopt
markedly different conformations. In each enzyme, at
least one residue from this loop contributes to the sub-
strate-binding site of its dimeric partner. Because the pair
of helices, aA and aB, is a major contributor to the dimer
interface, these differences translate into noticeable
changes in the relative position of the second monomer.
One consequence of this is the diverging nature of the
interactions mediated by Arg119 and Glu108 (see Fig. 4). 
In the D-GDH structure, these two residues approach
each other closely and form a tight electrostatic inter-
action. Because they are conserved almost universally
among the D-2-ketoacid dehydrogenases, it was predicted
that this interaction would show similarly wide conserva-
tion [22]. While this interaction can indeed be found in
FDH [21], in D-LDH the two residues are 4.8 Å apart, too
distant to engage in a strong electrostatic interaction.
Instead these charged residues contribute to dimer stabil-
ity by forming hydrogen bonds to backbone atoms of the
opposite monomer: Arg119 interacts with the backbone
carbonyls of residues 105′ and 298′, and Glu108 with the
backbone nitrogens of residues 143′ and 144′. Similarly, in
PGDH, the head groups of these two residues are too far
apart (5.4 Å separation) to interact with each other electro-
statically, and again these residues lend stability and
specificity to the dimerization interaction by mediating a
series of hydrogen bonds across the dimer interface [23].
These differences do not reflect side chain dihedral rota-
tions, but rather a change in the placement of helix aA rel-
ative to helix aA′ among the different family members. 
In all four molecules, the exact placement of these two
residues, and their interacting partners varies, but in each
case they mediate several direct and indirect hydrogen
bonds. Therefore, conservation of the residues Glu108
and Arg119 seems to be based less on their ability to
interact electrostatically with one another than on their
440 Structure 1996, Vol 4 No 4
Figure 3
Stereo ribbon diagram of the D-LDH. The view
is down the non-crystallographic twofold
rotation axis. Note the kinked helices
wrapping around this axis. Almost all dimer
interface contacts are made between residues
of the nucleotide-binding domains. Extended
loops (in yellow) are concentrated along the
V-shaped active site cleft. (Figure prepared
using SETOR [44].) 
potential to stabilize the dimer by forming multiple hydro-
gen bonds with a varying set of partners.
The C-terminal half of the catalytic domain, particularly
strands b3, b4 and b5, helix a4 and, to a lesser extent,
helices a3 and a5, superimposes well onto the catalytic
domains of D-GDH, PGDH and FDH. The N-terminal
half of the D-LDH catalytic domain (helices a1 and a2,
and strands b1 and b2 along with the intervening loops)
displays only negligible sequence homology to other
family members. Elements of secondary structure are con-
served, but they superimpose poorly. The most prominent
deviations arise as a consequence of a much more pro-
nounced twist in the b sheet of the D-LDH catalytic
domain. Helix a1 is longer in D-LDH and packs against
helix a5 at an acute angle, not in the parallel fashion
observed in the related structures. Helix a2 (a nomencla-
ture is maintained for consistency) displays a predomi-
nantly 310-helical character in D-LDH, while it is a pure
a helix in the other three structures. This change in sec-
ondary structure occurs despite clear homology between
the amino acid sequences making up this 310 helix and the
residues in the corresponding a helices (EDNVDLAK for
D-LDH versus DEMIETAK for D-GDH [22]).
Comparison with a homology-based model
When the sequence of D-LDH is compared pairwise with
the sequences of FDH, D-GDH or PGDH using the
FASTA algorithm [28], 20–22% of amino acids are identi-
fied as identical. This level of sequence identity places
these proteins in the ‘twilight zone’ of sequence homology,
where template-based structure prediction is a particularly
challenging exercise [29]. Nevertheless, Vinals et al. [29]
have attempted to derive the structure of Lactobacillus bul-
garicus D-LDH based on its homology with FDH. The
D-LDH model was derived by performing a sequence
alignment, preserving regions which the authors predicted
to be structurally conserved, and superimposing them on the
known FDH apo-structure. A database of loop structures
was used to obtain plausible conformations for regions pre-
dicted to differ. Appropriate amino acid side chains were
then substituted, with their initial conformation derived
from a rotamer database. After that, the whole structure was
subjected to several rounds of energy minimization. 
The resulting model bears a clear resemblance to the
experimental D-LDH structure, and it was good enough to
allow the authors to draw seemingly valid conclusions
about the mode of substrate binding (see below). In partic-
ular, the NAD-binding domain of the prediction superim-
poses well with the experimental model, with large
deviations found only in the region of residues 121–145
(aB), 176–190 (aD) and 262–290 (loop bE–aH). Not sur-
prisingly, these are the regions where FDH and D-LDH
show the largest differences in structure. These parts of
the molecule are involved in subunit interactions, a fact
that might contribute to the discrepancies as only the
monomer was modelled. The catalytic domain is more
problematic, with residues 1–56 (b1–b3) deviating signifi-
cantly from the experimental model. Most of the sec-
ondary structure elements, with the exception of strand
b2, are present in the model, but their relative disposition
and the positions of the intervening loops correspond
poorly. These difficulties arise because the sequence
homology in this region is almost negligible, a fact recog-
nized by the authors who indicated correctly that their pre-
dictions were least reliable in this region of the molecule. 
It should be mentioned, however, that for the 127 Cas of
the NAD-binding domain, the region of the D-LDH
model which superimposes on the experimental structure
rather well (rms deviation 0.92 Å), the original crystallo-
graphic FDH structure still shows a significantly better 
fit (rms deviation 0.76 Å) than the D-LDH homology
model. At least in this case, present techniques of
modelling homologous protein structures did not allow a 
better approximation of the molecule’s structure than the
template structure on which the model was based.
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Figure 4
Stereodiagram of the buried amino acid pair
Arg119 and Glu108 at the dimer interface of
D-LDH. Note that in contrast to D-GDH [22],
these two conserved residues do not
approach closely enough to form a strong
electrostatic interaction. (Figure prepared
using SETOR [44].) 
Enzyme active site 
The amino acids implicated in substrate binding and
catalysis by various biochemical studies are located in a
deep cleft between the nucleotide-binding and catalytic
domains. The residues lining the pocket are predomi-
nantly hydrophobic. Arg235, Glu264 and His296, which
are part of the loops between bD and aG, bE and aH and
bF and a5, respectively, face into the cleft. Glu264 forms
a short hydrogen bond with His296. Due to partial dis-
order, Arg235 shows only weak density in the map of the
apo-enzyme structure.
Kochhar et al. [26] have used chemical modification
methods to probe for active-site residues in L. bulgaricus
D-LDH and describe His303, Trp19, Arg235 and Tyr101
as being at or near the active site. While Arg235 and
Tyr101 are in the active-site cleft, Trp19 and His303 are
located on the surface of the catalytic domain (in helices
a1 and a5, respectively) but not in the region of the active
site. A histidine as well as a tryptophan can be found in
the active site, but they are His296 and Trp135′, respec-
tively. It is therefore unlikely that chemical modification
of Trp19 and His303 would perturb substrate binding
directly or the chemistry of catalysis; it could, however,
interfere with the effective closure of the enzyme’s active
site during the catalytic cycle as these residues are near
the region that could participate in the hinge movement
between domains. 
Ternary complex models
At first glance, a superficial similarity between the active
sites of L-LDH and D-2 ketoacid dehydrogenases suggests
a remarkable occurrence of convergent evolution. The
structural relationship between the active-site geometries
of L-LDHs and D-LDHs has, for example, been discussed
by Lamzin et al. [30], using their FDH holo-structure as a
model for the D-LDH active site. When they super-
imposed the active sites of FDH, L-LDH and malate de-
hydrogenase (MDH) using only the nicotinamide ring for
reference, they found that a mirror plane related the head
groups of Arg284, Gln313 and His332 (Arg235, Glu264,
and His296 in L. pentosus D-LDH) in the FDH active site
with Arg171, Asp168 and His195 of L-LDH and the corre-
sponding amino acids in MDH. They then explain the
differing stereospecificity of D-LDH and L-LDH enzymes
based on the fact that the critical substrate-binding moi-
eties of the two enzymes are arranged in a mirror image
fashion, thereby leading to mirror image products. Based
on their determination of the D-GDH apo-structure,
however, an alternative idea explaining the differing stere-
ospecificities of D-LDHs and L-LDHs is offered by Gold-
berg et al. [22] in their analysis of possible ternary complex
models for D-2-ketoacid dehydrogenases. They assume
that in D-GDH Arg240, Glu269 and His287 (Arg235,
Glu264 and His296 in L. pentosus D-LDH) perform the
same roles as Arg171, Asp168 and His195 in L-LDH.
From that, they derive a model in which Arg240 binds the
carboxylate moiety of the substrate. After superimposing
the active-site residues of their model and those of the
L-LDH ternary complex structure, they conclude that the
two active-sites are related by a rotation of the nicoti-
namide ring. This places the cofactor on the opposite face
of the substrate, providing another possible rationalization
for the difference in stereospecificity of the two enzymes. 
Despite the apparent elegance and simplicity of these
models, which are based on related enzymes, they do not
fully explain recent biochemical findings. Now that we
have solved the structure of a D-LDH, this knowledge can
be used to construct a model of the ternary complex of
D-LDH that takes into account these new structural find-
ings and is more consistent with the results of published
kinetic and mutational studies. Obviously, we would have
preferred to be able to present crystal structures of sub-
strate complexes. Unfortunately, however, our efforts to
crystallize such complexes have met with no success so far. 
An essential element of the rate acceleration in NADH-
dependent keto (or aldehyde) reductases appears to be
the use of a positively charged ligand to polarize the sub-
strate carbonyl bond, rendering the carbonyl carbon more
susceptible to nucleophilic attack. In L-LDH this role is
played by Arg109 [5], while in alcohol dehydrogenases it
is played by an essential zinc ion [31]. Lamzin et al. [30]
and Goldberg et al. [22] do not propose a candidate
residue to fulfil this role. An inspection of the D-LDH
active-site region reveals that no appropriate ligand, other
than Arg235, is available. A catalytic role for Arg235 in
D-LDH is also implied by kinetic data. Arg235→Lys and
Arg235→Gln mutants both display an approximately
200-fold decrease in their catalytic rate constant (kcat) [19].
This value is more akin to the 420-fold decrease in kcat
displayed by the L-LDH Arg109→Gln mutant [5] than
the fourfold decrease displayed by the Arg171→Tyr
mutant of the same enzyme [7]. These data seem to
implicate Arg235 in catalysis in a manner similar to that
shown by Arg109 in L-LDH. This, however, is probably
not the residue’s only role. The Arg235→Lys and
Arg235→Gln mutants mentioned above display 100-fold
and 1000-fold higher Michaelis constant (KM) values than
the wild-type enzyme [19], more closely resembling the
3000-fold increase in KM for the Arg171→Lys mutant [6]
than the 15-fold increase for the Arg109→Gln mutant 
of L-LDH [5]. Therefore, while Arg235 appears to be
involved in catalysis, it also appears to contribute more to
binding than the single hydrogen bond mediated by
Arg109 of L-LDH.
The ternary complex model proposed by Vinals et al. [29],
which was constructed by using the FDH ternary complex
as a guide, is one which we find to be more consistent with
the data presented above. A similar model, derived from
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our structural work, is shown in Figure 5. The substrate is
reoriented relative to the model proposed by Goldberg
et al. [22], resulting in Arg235 forming one hydrogen bond
with the carboxylate oxygen and one with the keto
oxygen. Pyruvate oriented in this manner is appropriately
positioned to exploit the ability of Arg235 to lower the
energetic barrier for hydride transfer by polarizing the car-
bonyl bond. This provides a structural basis for the direct
role of Arg235 in catalysis that was implied by the kinetic
data. The reorientation of the substrate also packs the
methyl group of pyruvate against Phe299 at the back of
the substrate-binding pocket. The bulkiness of the
phenylalanine side chain would then select against the
binding of larger substrates by steric exclusion. In D-GDH
the corresponding residue is a serine, providing space and
a potential and hydrogen-bonding partner for the hydroxyl
group of the substrate glycerate [15,22]. In PGDH,
Phe299 is replaced by a glycine, which, along with other
changes in neighbouring residues, results in the formation
of a deep, positively charged pocket at the back of the
active site. This pocket has been shown to bind iridium
hexachloride, a phosphate analogue, suggesting that this is
the binding site for the substrate’s phosphate moiety [23].
Modelling the substrate into the active site of PGDH in a
manner analogous to the binding of pyruvate in Figure 5
indeed places the phosphate in this pocket. 
Domain closure and the catalytic cycle
The models of substrate binding discussed above do not
represent the entire cycle of substrate binding and cataly-
sis in D-LDHs. Effective hydride transfer can occur only
in a hydrophobic environment. Accordingly, in L-LDHs
the active site is shielded from the solvent through the
closure of the active-site loop [32]. There is no such
extended loop in D-LDH. Elucidation of the apo- and
holo-FDH structures demonstrated that the lid for the
active site in this class of dehydrogenases is provided by
the catalytic domain, which in the ternary complex closes
over the bound substrates [21]. As has been consistently
observed for all apo-structures in this family of enzymes
[21–23], the catalytic domains of the two monomers 
of D-LDH have differing orientations relative to their
respective nucleotide-binding domains. In this case it cor-
responds to a rotation of 5.2° around an axis passing in the
vicinity of the Ca atoms of Val98 and Thr303 and implies
that there is flexibility in the interdomain connection, as
required for active-site closure to occur during catalysis.
Kochhar et al. [26] have shown that the active-site residues
of D-LDH are not protected from chemical modification
agents unless both the cofactor and the substrate are
present [26]. This result indicates that closure of the
active-site cleft occurs only in the presence of both sub-
strates, so a strong interaction is likely to exist between
the substrates and the catalytic domain. A proper interpre-
tation of substrate binding is therefore also contingent
upon an understanding of the closing of the active-
site cleft. We have modelled the closure of the D-LDH
molecule using the FDH holo-structure [21] as a template
and superimposing the nucleotide-binding and catalytic
domains independently. 
In our model of the closed form of D-LDH, NADH and
pyruvate fit well into the cavity between the two domains,
with the backbone nitrogens of residues Val78 and Gly79
positioned within hydrogen-bonding distance of the pyru-
vate substrate (see Fig. 6). This could suggest that these
two peptide nitrogens form a bidentate interaction with
the carboxylate moiety of the substrate, assigning them a
role in substrate binding analogous to that played by
Arg171 in L-LDH. The conformation of the loop contain-
ing these two residues is stabilized by a hydrogen bond
between the backbone carbonyl of Val78 and the side-
chain nitrogen of Asn97 making a functional role for
amides 78 and 79 even more plausible. The stabilizing
asparagine residue and, by inference, the relative orienta-
tion of the Val78–Gly79 backbone atoms, is almost univer-
sally conserved in this family [22,23]. This structural motif
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Figure 5
Structural model of the D-LDH ternary
substrate complex. His296 is the catalytic
histidine, and this residue is held in position
and has its pKa modulated by Glu264. The
pyruvate substrate is oriented in such a way
as to allow Arg235 to bind to both the keto
oxygen and one carboxylate oxygen. (Figure
prepared using SETOR [44].) 
may play a role in the binding of the D-2-ketoacid sub-
strate throughout the family. In FDH, the replacement of
this otherwise conserved asparagine with a glutamate
results in the formation of a hydrogen bond between the
glutamate carboxylate and the amide nitrogen of Val78,
pointing the carbonyl oxygen of Gly79, rather than the
amide nitrogen of Val78, into the active-site pocket [21].
The flipping of this backbone peptide, together with the
replacement of the catalytic glutamate with glutamine and
the movement of the catalytic histidine further into the
active-site pocket, reflect the fact that FDH binds the
smaller and simpler substrate formate in a manner quite
distinct from the mode of binding of D-2-ketoacid sub-
strates in the other members of this protein family [21].
Our model of the D-LDH ternary complex predicts that
the simple geometric relationship between the active sites
of D-LDH and L-LDH proposed by Lamzin et al. [30]
(mirror plane), or by Goldberg et al. [22] (rotation of the
nicotinamide ring) will not be reflected in a functional
equivalence. It is interesting to note that the D-LDH and
L-LDH enzymes have converged upon the use of very
similar residues for binding and catalysis, but may employ
them in distinctly different ways. For example, a particu-
lar residue may play a greater role in substrate binding
than catalysis and vice versa. While we hope that the
model of the ternary complex of D-LDH will serve as a
useful guide to designing more biochemical experiments,
it is obvious that the solution of the structure of the
enzyme with substrates bound in the active site will be
the focus of further crystallographic studies.
Biological implications
One of the central tenets of structural biology is that
form strictly determines function. How valid, on the
other hand, is the corollary: that is, given that two
essentially unrelated enzymes have converged upon
a similar function, how similar might one expect
their active-site structures to be? Recently, Ringe’s
group published the crystal structure of a pyridoxal
phosphate-dependent D-amino acid aminotransferase
[33], an enzyme that catalyzes a reaction of opposite
handedness to that of the well-known L-aspartate
aminotransferase but has a novel and completely
unrelated fold. The D-specific transferase is also
rather promiscuous in its choice of substrates. 
The authors concluded that many features of the
L-enzyme’s active site, both for substrate binding 
and actual catalysis, are replicated in the D-specific
enzyme. They also noted striking differences in 
the architecture of the active site relative to the
L-specific enzyme [33]. 
While there are still modifications in substrate speci-
ficity of the two amino acid aminotransferases, the
pair of NAD-dependent D-lactate dehydrogenases
(L-LDH versus D-LDH) both catalyze the identical
reduction of pyruvate to lactate but into products of
opposite handedness. The key active-site substituents
of the L-LDH active site are known to be His195
(which acts as a proton donor), Asp168 (which stabi-
lizes the histidine in the protonated state), Arg171
(which binds the carboxylate moiety of the substrate)
and Arg109 (which binds the substrate’s keto moiety
and assists catalysis by polarizing the keto bond). The
presence of three similar residues (His296, Glu264 
and Arg235) in the active sites of enzymes related to
D-LDH has led to models of substrate binding in which
Arg235 is utilized to bind the carboxylate moiety of
pyruvate in a manner analogous to that employed by
Arg171 in L-LDH. One such model led to the proposal
that the key active-site substituents of D-LDH are
related to those of L-LDH by a simple mirror plane. 
The structure of D-LDH described in this paper
establishes its membership of the D-2-ketoacid de-
hydrogenase family of enzymes and could serve as a
guide in modelling VanH, an essential component of
the vancomycin resistance mechanism of Enterococcus
faecium. The topologies of the proteins belonging to
this group of enzymes are closely related but quite dif-
ferent from those of the corresponding L-specific
enzymes, such as L-LDH. The analysis also allows us
to compare the actual molecular structure of D-LDH
with a model based on the crystal structures of these
related enzymes and might itself serve as a test case
for the reliability of modelling substrate complexes 
as well as conformational changes occurring during 
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Figure 6
Closed ternary complex model of D-LDH. The view is similar to the one
in Figure 5 except that the catalytic domain has been modelled in its
closed orientation. The backbone nitrogens of Val78 and Gly79 form
hydrogen bonds with the carboxylate of pyruvate — a function fulfilled
by Arg171 in L-LDH. (Figure prepared using SETOR [44].) 
a catalytic cycle. The new crystallographic results
together with biochemical and mutational experi-
ments published previously have been used to con-
struct models for such ternary substrate complexes.
One orientation for pyruvate bound in the active site
of D-LDH has already been described [22,30], at a
second orientation was found to be possible in which
Arg235 forms one hydrogen bond with a carboxylate
oxygen, and one with the keto oxygen. This seems
preferable as Arg235 has been demonstrated to be
important for catalysis and in this orientation the
residue would be expected to act in a manner analo-
gous to Arg109 of L-LDH. Using the formate dehy-
drogenase holo-structure as a guide, modelling the
closure of the active site results in the amide nitrogens
of Val78 and Gly79 being oriented in a way consistent
with them forming hydrogen bonds to the carboxylate
group of pyruvate. The structural conservation of the
backbone  conformation of these two residues in
related structures together with the sequence conser-
vation of Asn97, which stabilize this conformation,
lends further credence to this hypothesis.
With pyruvate oriented in this manner, the structural
relationship between the D-LDH and L-LDH active-
site pockets would be more complicated. The choice
of ligands available to enzymes for specific purposes
in binding and catalysis is very limited. Thus,
enzymes will employ identical side chains in function-
ally different ways, even when placing them in struc-
turally equivalent positions.
Materials and methods
Crystallization and X-ray data collection
D-LDH from L. pentosus was purified and crystallized as described pre-
viously [34]. The protein crystals grow in space group P1 with unit cell
parameters a=54.5 Å, b=58.2 Å, c=61.2 Å; a=74.4°, b=83.9°, and
g=82.9° and contain a dimeric molecule in the unit cell corresponding
to a solvent content of 48%. Crystals were harvested into artificial
mother liquor of either 50 mM HEPES, pH 7.0, or 50 mM Tris-HCl, pH
7.0, 200 mM ammonium sulphate, and 30% (w/v) PEG 4000. Crystals
were mounted in thin-walled glass capillaries and diffraction data col-
lected at room temperature on a Siemens X1000 multiwire area detec-
tor using Cu-Ka radiation from a rotating anode (RU200H, Rigaku;
0.2×2 mm2 focus; 37 kV, 70 mA). Radiation was Ni-filtered and
focussed using Franks mirror optics. Data reduction was performed
using an updated version of the program package XDS [35]. Two
native data sets with Rsym values of 5.2% and 10.0%, respectively,
were collected and the data merged using XSCALE [35]. Complete-
ness was 90% overall and 73% in the shell between 3.0 Å and 2.8 Å.
The Rmerge ranged from 5% at low resolution to 25% in the highest shell
with an overall value of 12% (see Table 1). Crystals for derivative data
collection were soaked in heavy-atom solutions of different concentra-
tions and for various lengths of time. Data were collected as described
for native crystals. Their useful resolution varied between 4.4 Å and
3.2 Å, the respective Rsym values from 4.6% to 13.5% (see Table 2). 
Phase determination and model building
The methyl mercury acetate (MMA) and K2AuCl4 (GTC) derivatives
were collected first and heavy-metal binding sites identified by differ-
ence Patterson methods [34]. Heavy-atom sites were refined and
phases calculated in an iterative process using the program package
PHASES [36]. One of the MMA sites was arbitrarily chosen as the unit
cell origin. Difference Fourier methods using phases derived from the
MMA derivative were, along with difference Patterson methods, used
to screen, and to independently confirm, all subsequent derivatives.
With each successive derivative added to the phase refinement
process, Fourier maps were also calculated and examined for inter-
pretable secondary structure. Based on the improvement of quality
indicators (e.g. figure of merit and phase angle errors) six isomorphous
derivatives were chosen for final phase calculation and refinement. The
overall figure of merit obtained from these six derivatives was 0.60 at
3.2 Å resolution. Reiterative solvent flattening and negative density
truncation using PHASES [36] improved the overall figure of merit to
0.69. Then, an interpretable electron-density map was calculated (see
Table 1, for statistics of phase refinement) using PHASES [36]. Part of
the polypeptide chain was traced with a polyalanine model using the
program TURBO [37]. Later rounds of rebuilding were performed
using the program O [38]. When the D-GDH structure [22] became
available it was useful as a reference for the modelling of loops with
weak electron densities. During model building, partial models were
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Table 1
Summary of native data collection and refinement data
statistics.
Resolution (Å) 10–2.4 Å
Number of observed reflections 44 692
Number of unique reflections 19 097
Overall completeness (10–2.6 Å) (%) 84.6
Completeness (2.8–2.6 Å) (%) 56.8
Rsym (native1/native2) (%) 5.2/10.0
Rmerge (%) 12.0
Rfree (%) 27.3
Rcryst 19.0
Rms bonds (Å) 0.012
Rms angles (°) 1.61
Rms impropers (°) 1.55
Data collection statistics are for data I/sI>0. Rcryst and Rfree are for
data I/sI>1. Rsym=S|I–<I>|/ S|<I>|. Rmerge=S|Ih,i–<Ih>|/ S|<Ih>|,
where Ih,i is the intensity for reflection h in data set i, and <Ih> is the
average intensity for reflection h calculated in the replicate data.
Rfree=S|Fobs–Fcalc|/ SFobs for 10% of data randomly selected and
excluded from the refinement. Rcryst=S|Fobs–Fcalc|/ SFobs for remaining
90% of data included in the refinement.
Table 2
Summary of derivative data collection and MIR phasing
statistics.
Data set* MMA GTC PTC TMP UOC BMC
Concentration (mM) 1 1 10 5 1 1
Soak time (h) 5 4 2 4 0.5 1
No. of observed
reflections 26 684 19 766 12 768 19 351 17 931 17 995
No. of unique
reflections 16 085 14 583 9449 13 512 9935 11 515
Rsym (%) 13.5 7.2 5.4 10.6 6.2 4.6
Resolution (Å) 3.2 4.0 4.4 3.4 3.2 3.2
No. of sites 2 2 3 4 4 7
Phasing power† 3.1 1.1 1.1 1.2 1.4 1.2
*Abbreviations used for heavy-atom compounds: MMA, methyl mercury
acetate; PTC, potassium tetrachloroplatinate(II); GTC, potassium
tetrachlorolaureate(II); TMP, trimethyl lead acetate; UOC, uranyl
acetate; BCM, bis-chloromercury furan. †Phasing power=FH/E.
refined using the program X-PLOR [39]. Model-derived phases were
combined with MIR phases using PHASES [36]. After both monomers
in the asymmetric unit had been traced independently with a poly-
alanine model, side chains were added to the model.
Refinement
The present model has been refined against all native data with I/sI>1
using X-PLOR [39] and stereochemical parameters derived by Engh and
Huber [40]. Standard protocols were employed with greater weight put
on the geometry, given the limited resolution of our data set. Rounds of
positional, molecular dynamics, and group B-factor refinement were fol-
lowed by rebuilding sessions. Slow but constant improvement in the
quality of the map allowed for continuous improvement in the model. In
order to improve the observable to free-variable ratio, the final rounds of
refinement were performed applying harmonic non-crystallographic sym-
metry constraints on Ca atoms that were not part of residues involved in
crystal or in interdomain contacts. The nucleotide-binding and catalytic
domains were constrained separately as the angle between them is dif-
ferent in each of the two monomers. The largest deviation between the
positions of corresponding unconstrained Ca atoms is less than 0.5 Å.
Because of the limited resolution, no waters were added to the model.
During the course of the refinement, programs allowing the calculation of
the Rfree factor [41] became available to us. A 10% subset of the reflec-
tion set was selected at random. To avoid complete reprocessing and to
remove at least some of the bias, several rounds of slow cool each com-
bined with three rounds of positional and group B-factor refinement were
performed. The Rfree factor was then used to monitor the progress of the
refinement. The final values for Rcryst and Rfree are 19.0% and 27.3%,
respectively. Statistics for the refined model are shown in Table 1. The
refined coordinates are being deposited in the Protein Data Bank [42].
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